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METHOD FOR PRODUCING
CRACK-RESISTANT HIGH STRENGTH
SUPERALLOY ARTICLES

This application is a continuation of application Ser. No.
08/149,868 filed Nov. 10, 1993, now abandoned the benefit

of the filing dates of which are hereby claimed under 35
USC 120.

FIELD OF THE INVENTION

This invention generally relates to the heat treatment of

metal articies, and more specifically, to a method for heat
treating articles made from a nickel based alloy containing
chromium.

BRIEF DESCRIPTION OF THE INVENTION

Many industrial products must be designed to withstand
exposure to high temperatures. One such class of products
are jet engines that must be constructed with components
capable of withstanding exposure to both the high tempera-
tures and the high pressures developed in the engine on a
repeated, cyclic, basis. Particular engine components that
must be able to withstand this cyclic exposure to these
temperatures and pressures include diffuser casings, com-
bustors, and turbine casings. In jet engines, the gas tempera-
ture generated in these parts can exceed 1000° F. The metal
comprising the diffuser casing, as well as other parts, must
be able to withstand prolonged exposure to these high
temperatures.

In the past, certain articles of manufacture that must
withstand cyclic exposure to high temperature, such as
diffuser casings, were fabricated out of a chromium and
nickel-based alloy known in the art as INCONEL (IN)
718'™, This alloy has proved stable when exposed to tem-
peratures up to about 1150° F. However, many jet engines
now in manufacture and planned for future manufacture
operate at much higher temperatures. As a result, efforts
have been made to manufacture their parts out of another,
higher chromium containing, nickel superalloy, referred to
as IN 939™, An advantage of the IN 939 alloy is that it
remains stable at temperatures higher than those to which
the IN 718 alloy can be exposed.

The use of the IN 939 alloy to form large articles of
manufacture, such as diffuser casings is, however, not with-
out drawbacks. Despite rigid process and inspection con-
trols, defects or flaws in large engine cases can result from
the manufacturing process, abusive maintenance or service
operation. These defects must be recognized during the
periodic maintenance inspections before they grow to criti-
cal length and result in catastrophic failure. It is therefore
critical that the crack growth rate be sufficiently slow to
allow detection of the defects during the periodic inspec-
tions. While conventional heat treatment processes can be
used with IN 939, the characteristic crack growth rate of
these treatments 1s so fast that applied stresses in the engine
cases must be lowered to bring the rate within a manageable
range. This 1s done by increasing case section thickness and
overall weight which reduces the strength-to-weight effi-
ciency of the component. As a result, despite the ability of
IN 939 to withstand exposure to high temperatures, its
application has been limited. Therefore, there is a need to
lower the characteristic crack growth rate of IN 939 so that
hmghly stressed more efficient articles of the alloy can be
constructed.
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2
SUMMARY OF THE INVENTION

In accordance with the present invention, a molded article
of manufacture of nickel-based high chromium content
superalloy is subjected to selective heat treating to cause
serrated boundaries to form between the crystalline grains
that comprise the component, and to induce the formation of
discrete chromium carbide precipitates at the grain bound-
aries. The article is initially heat treated to cause chromium
carbide nuclei to form along the grain boundaries. This
initial step of the heat treatment causes the crystals to
develop a serrated grain boundary pattern. The article is then
heated to cause the chromium carbide nuclei to grow into
discrete precipitates along the serrated grain boundaries.
Once the chromium carbide precipitates are formed, the
article 18 then heat treated to cause the development of
gamma prime strengthening precipitates throughout the
grains. In this stage of fabrication, the temperature to which
the article 1s heated is below that at which the chromium
carbide would totally go into solution. The article is then
heat treated to provide a stable gamma prime size. The
development of the serrated grain boundaries and the dis-
crete chromium carbide precipitates substantially improve
the mechanical properties of the article.

It is an object of this invention to provide a heat treatment
sequence for a class of high chromium content superalloys
SO as to provide enhanced mechanical properties, especially
crack growth resistance.

Other features and advantages will be apparent from the
specification and claims.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is an isometric view of an article of manufacture,
a jet engine diffuser casing, that is subjected to the heat
treatment process of this invention;

FIG. 2 is a photomicrograph at 2000X of the microstruc-
ture of an article of manufacture prior the heat treatment
process of this invention;

FIG. 3 is a temperature over time graph of the heat
treatment process of this invention to which an article of

manufacture is exposed;

FIG. 4 a diagrammatic depiction of an aggregate of grains
that have been heat treated according to this invention;

FIG. 5 1s a photomicrograph at 2000X of the microstruc-
ture of an article of manufacture subjected to the heat
treating process of this invention; and

FIG. 6 is a graph depicting the enhanced crack resistant
properties of an article formed according to the heat treating
process of this invention.

DETAILED DESCRIPTION OF THE
INVENTION

The essential steps of this invention involve the selective
heating and cooling of an article manufactured from a high
chromium content nickel-base superalloy. Generally, it
should be understood that the term “high chromium content
nickel base superalloy” 1s herein used in connection with a
nickel-base alloy capable of forming a chromium carbide
precipitate, such as an M,,C, precipitate. (The “M” in the
above formula, while referring primarily to chromium
atoms, may also include the atoms of other metals, such as
molybdenum and tungsten.) Generally, such precipitates
form in nickel-based alloys having a chromium content of at
least 12% by weight and a carbon content of at least 0.02%
by weight. An alloy in which chromium carbide precipitates
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will form is sold under the trademark IN 939 by the
International Nickel Company of New York. This nickel-
base superalloy has the nominal composition by weight of
the following elements: 22.5% Cr, 2% W, 1.4% Ta, 1.9% Al,
19% Co,1% Cb, 0.15% C, 0.1% Zr and 0.01% B, with the
remainder being substantially nickel. (This superalloy is
apparently described in U.S. Pat. Nos. 4,039,330 and 4,108,
647). More generally, this invention can be practiced using

other superalloys, that in addition to the above stated chro-
mium and carbon concenirations, consist essentially of:

0-5% W, 0.5-3% Ta, 1-4% Al, 1.7-5% Ti, 15-25% Cao,
0-3% Cb, the remainder being substantially nickel.

The article of the selected alloy is initially formed by
processes such as centrifugal casting or forging. Still another
commonly used method of forming articles out of superal-
loys such as the IN 939 alloy is by investment casting. In
investment casting, the article of the selected alloy is ini-
tially formed by pouring molten superalloy into a ceramic
based shell or mold that defines the shape of the article. In
the process, the superalloy 1s initially melted under high
vacuum conditions and the shell 1s preheated under vacuum
conditions so that the composition and quality of the super-
alloy can be precisely controlled. Typically superalloys have
melting temperatures between 2400° F. and 3000° E.

On completion of the solidification process, the shell, or
mold, is removed. The article may then be hot isostatically
pressed, wherein the article 1s placed in a chamber filled with
an inert gas, heated to a high temperature and placed under
high pressure for an extended time to squeeze out or
eliminate latent pores and defects resulting from the solidi-
fication process. For articles formed out of the IN 939 alloy,
this step is typically accomplished at temperatures between
2125° E. and 2200° E, at 15,000 psi1 for 3 to 4 hours. Hot
1sostatic pressing is not required for investment cast articles
with sufficiently low porosity.

Durning cooling from solidification and/or hot isostatic
pressing, carbides, including but not restricted to chromium
carbides, and gamma prime precipitates will form through-
out the crystalline grain structure. The gamma prime pre-
cipitates, which comprise Ni;Al and may contain other
elements in solution, give the alloy its high temperature
strength.

After casting, and the optional hot isostatic pressing
process, the article is subjected to an inspection and repair
process. In this process, the article is examined to find
defects that require repair. These defects may be excessive
porosity resulting from the solidification process, fragments
of ceramic that may have spalled off the mold, oxide
impurities that survived the melt operation or cracks result-
ing from uneven cooling of the solidifying casting. Once
detected, the defects are mechanically removed and the
resulting void 1s welded to close it. Techniques for invest-
ment casting, hot 1sostatically pressing, inspecting and
repairing nickel alloys are known in the art. One such article
manufactured according to the process is the gas turbine
engine diffuser casing depicted in FIG. 1. FIG. 2 illustrates
the microstructure of an article formed according to this
process utilizing standard heat treatment methods. As seen
in this FIG., the individual crystal grains of the superalloy
that form the article with the standard heat treatment method
are separated by a thin, generally linear and continuous,
chromium carbide film 14.

Standard heat treatment methods vary from manufacturer
to manufacturer, but all involve heating the article to an
elevated temperature for a period of time, and then cooling
the article to a lower temperature at an uncontrolled rate.
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4

That is, the rate at which the article 1s cooled is not
controlled. Specifically, the article 1s exposed to an ambient
temperature, substantially equal to a temperature of the
article that is desired to be achieved, and allowed to reach
thermal equilibrium. In contrast, the present invention
involves, inter alia cooling at a controlled rate for at least
part of the time. The desired temperature to be achieved is
reached by exposing the article incrementally to a series of

lower temperatures, so that the rate of cooling 1s controlled
until the desired temperature 1s reached.

A common standard head treatment method for an article
formed from an IN 939 alloy is as follows. First, after
completion of the casting, pressing, inspection and repair
process, the article 1s heated to approximately 2125° F. for
about four hours. The article 1s then cooled to room tem-
perature at an uncontrolled rate, followed by heating to
approximately 1832° E. for about six hours. Thereafter, the
article 1s cooled to room temperature at an uncontrolied rate.
The article 1s then heated to approximately 1475° F. for
about four hours and cooled at an uncontrolled rate to room
temperature; this is the final step. As noted previously, the
typical resuitant microstructure for an article formed accord-
ing to a standard treatment is as shown in FIG. 2. |

In comparison, the typical resulting microstructure for an
article formed 1n accordance with the present invention is as
shown in FIG. 5. In the preferred embodiment of this
invention, after completion of the casting, pressing, inspec-
tion and repair processes, the article is heat treated at a
temperature and for a time sufficient to cause the chromium
carbides and any gamma prime that precipitated during
cooling from the solidification and/or the hot isostatically
pressing processes to go into solution. That is, the article is
heated to a sufficiently high temperature so that the chro-
mium, carbon, nickel, aluminum and titanium atoms dissas-
sociate from each other and disperse throughout the grains,
while the metal remains in a solid state, point 22 in FIG. 3.
For an IN 939 alloy, it 1s necessary to heat the part to a
temperature between 2050° E. and 2200° FE. for adequate
solutioning to occur. More particularly, the IN 939 alloy is
heated to a temperature of approximately 2125° F. for four
hours.

Once the chromium carbide and gamma prime precipi-
tates are in solution, the article is subjected to a slow cooling
process to induce the formation of chromium carbide and
gamma prime nuclei as is represented by gradual slope line
24 in FIG. 3. Since the diffusion occurs more rapidly along
the grain boundaries than within the grain lattice structures,
the chromium carbide and gamma prime nuclei tend to form
along the grain boundaries. The formation of the chromium
carbide and gamma prime nuclei along the grain boundaries
cause the boundaries to develop a serrated, or wavy pattern.
Still another result of the formation of the chromium carbide
nuclei along the grain boundaries is that the portions of the
grains adjacent the boundaries lose chromium atoms and can
become chromium deficient.

The development of the chromium carbide and gamma
prime nuclei in an article formed from the IN 939 alloy is,
for example, fostered by slow cooling the article at a rate of
between 100° and 300° E. per hour. More specifically, the IN
939 superalloy is cooled at a rate of approximately 200° F.
per hour.

The article 1s slowly cooled until it reaches a temperature
below that to which it will be later heat treated, represented
by point 26 in FIG. 3. Once the article is cooled below this
temperature, it is allowed to rapidly cool in air to below
1000° E., as represented by steep slope line 28. Depending
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on the alloy from which the article is fabricated, the article
may be allowed to cool to room temperature, e.g. a tem-
perature of 50° F. to 75° F. An article cast of the IN 939
superalloy, for example, is slow cooled to a temperature
between 1600° F. and 1675° F., before it is allowed to
rapidly cool. This temperature, as discussed below, is
slightly below the temperature at which the chromium
carbide nuclei go into solution.

After the article is allowed to cool, as represented by point
30 in FIG. 3, it is heat treated at a temperature sufficiently
high to cause chromium diffusion, but substantially below
that at which chromium carbide nuclei go into solution,
represented by point 32. An article formed from IN 939
alloy, for example, is heated to a temperature between
approximately 1625° E and 1725° F. More specifically, such
an article is often heated to a temperature of 1675° F. and
kept at that temperature for approximately four hours. As a
result of this reheat treatment, the free chromium atoms in
the crystal lattices migrate toward the sections of the grains
adjacent to the grain boundaries and toward the grain
boundaries themselves in order to equalize their distribution
throughout the crystals. Once this step is completed, the
article is allowed to air cool to room temperature, repre-
sented by point 34 in FIG. 3.

The migration of the chromium carbide in the above heat
treating step causes the chromium carbide nuclei to grow
10-tfold or more in size so as to form discrete chromium
carbide prectpitates 13 as illustrated diagramatically in FIG.
4, which depicts an aggregation of crystal grains 12. As seen
diagramatically in FIG. 4, and in the photomicrograph of
FIG. 5, as a consequence of the formation of the chromium
carbide precipitates 15 along the outer perimeters of the
individual crystal grains 12, a non-linear, or serrated, grain
boundary 16 forms between the individual crystals.

The article 1s then subjected to another heat treatment to
foster the formation of alloy strengthening gamma prime
precipitates. In this step of the article precipitation hardening
process, the article 1s heated to a temperature sufficiently
high to cause coarse gamma prime to go into solution, but
below that at which the chromium carbides will all go into
solution, represented by point 36 in FIG. 3. Many high
chromium nickel-based superalloys are, in this step, heated
to temperatures between 1750° and 1850° E. An article made
from the IN 939 superalloy, for example, is in this step
heated to a temperature of approximately 1800° F. for
approximately six hours. This heating, if not below the
chromium carbide solvus temperature, is close enough to it
that chromium carbides along the grain boundary do not
substantially go into solution. Once the gamma prime solu-
tion heating is completed, the article is allowed to air cool
to room temperature, represented by point 38.

Once the gamma prime solutioning is completed, the
article 1s subjected to a final heat treating step to stabilize the
formation of fine gamma prime precipitate. In this step, the
article 1s heat treated to a temperature above the typical
maximum temperature to which the article will normally be
exposed during its use, for a time sufficient to cause the
gamma prime precipitates to grow and stabilize, represented
by point 40 in FIG. 3. For example, if the article is a jet
engine diffuser casing designed to be exposed to tempera-
tures of around 1300° F., and the article is formed out of the
IN 939 superalloy, the article may be heated to a temperature
of approximately 1475° E for around four hours. This
temperature is below that at which the chromium carbides
will go into solution. The resulting fine precipitate 18 is seen
as the raised bumps in the photomicrograph of FIG. 5 and is
depicted diagramatically in FIG. 4. Once the gamma prime
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fine precipitation is complete, the article is allowed to air
cool to room temperature.

The completion of the fine gamma prime precipitation
heat treatment completes the heat treatment of the article.
The article can then be subjected to any final machining,
fimishing, or coating steps and installed in the engine for use.

An advantage of heat treating the article according to the
method of this invention is that it causes the development of
discrete chromium carbides, as opposed to a continuous
chromium carbide film along the grain boundaries between
the alloy crystals forming the article. This chromium carbide
film 1s undesirable because it is brittle and has the potential
of promoting rapid intragranular cracking. The formation of
the discrete chromium carbides and gamma prime precipi-
fates causes serrated grain boundaries to develop between
the grains. These serrated boundaries strengthen the article
by reducing any natural tendency it might have to fracture
along the grain boundaries. Still another feature of this
invention is that the heat treatment of the article, after the
initial formation of the grain boundary carbides, not only
induces further growth of the carbides, it serves to equalize
the distribution of the free chromium atoms throughout the
rest of the grains. This step minimizes the existence of
chromium-deficient zones in the grains, which can weaken
the overall mechanical strength of the grains. Thus, this heat
treating process 1s well-suited for use in strengthening
components designed to be subjected to a significant amount
of stress, such as components installed in jet engines.

The crack resistant characteristics imparted to superatloys
by this invention are illustrated in the curves of FIG. 6,
which depict the number of post-fabrication stress cycles it
takes for cracks to develop to a critical length. Curve 50
depicts the crack development when an article is formed
according to conventional manufacturing processes. When,
for example, the initial crack length is between 0.1 and 0.3
inches, it has been found that cracks as long as the critical
length develop after the article has been exposed to approxi-
mately 3000 cycles. Curve 52 depicts the number of cycles
it takes for an article formed according to this invention to
develop cracks to the critical length. In particular, it shows
that an article formed according to this invention can be
subjected to approximately 15,000 post-fabrication stress

cycles before it begins to develop cracks larger than the
critical length.

The above-detailed description has been limited to a
specific embodiment of this invention. It will be apparent,
however, that variations and modifications can be made to
this invention with the attainment of some or all of the
advantages thereof. For example, it may be possible to
practice one or more of the various heat treating steps of this
invention without first cooling the article to room tempera-
ture before exposing the article to the following heating
cycle. It may also be possible to eliminate one or more of the
heat treating steps performed in order to produce a high
chromium nickel-based superalloy according to tiffs inven-
tion. For example, in some versions of the invention, it may
be desirable to eliminate the intermediate heat treatment that
occurs after the controlled slow cooling step that is per-
formed in order to enhance the size of the discrete chromium
carbide precipitates.

Still another feature of the invention is that it may
eliminate the need to perform the heat treating steps that are
executed in order to develop the formation of the gamma
prime precipitates and/or the fine gamma prime particiliza-
tion. It should also be recognized that the disclosed tem-
peratures are merely exemplary and are not meant to be
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limiting. Clearly, when the invention is practiced on other
alloys, the temperatures at which the desired reactions occur,
and the time to which the article is exposed to those
temperatures, may vary widely from what 1s stated above. In
a stmilar vein, it should also be recognized that the invention
may be practiced on other alloys capable of forming chro-
mium carbide precipitates different than the exemplary
alloy. Therefore, the appended claims are intended to cover
all such vanations and modifications that come within the
true spirit and scope of the invention.

The embodiments of the invention in which an exclusive
property or privilege is claimed are defined as follows:

1. A method of strengthening an article formed of high
chromium content nickel-base alloy, the alloy containing
chromium and carbon and having an incipient melting
temperature, including the steps of:

heating the article to a temperature above which chro-
mium carbides in the alloy go into solution, but lower
than the incipient melting temperature of the alloy;

cooling the article at a selected rate so that discrete
chromium carbides form at grain boundaries in the
article, said step of cooling at the selected rate is
performed until the article reaches a temperature sub-
stantially below the temperatures the chromium car-
bides in the alloy go into solution;

heating the article to a temperature sufficiently high to
cause chromium carbides to grow and below that at
which said chromium carbides will go into solution;
and

reheating the article after said chromium carbide growth
heating step to a temperature sufficiently high to cause
a gamma prime precipitate to go into solution and
below that at which said chromium carbides will go
into solution.
2. The method of strengthening an article according to
claim 1, further including the step of:

selectively heating the article after said cooling step, to a
temperature sufficient to cause a migration of the
chromium and carbon atoms toward the grain bound-
aries and the growth of said chromium carbides, and
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below that at which said chro
into solution.

3. The method of strengthening an article according to
claim 2, further including the step of cooling the article at an
uncontrolled rate after said step of cooling at the selected
rate and prior to said step of selectively heating the article.

4. The method of article strengthening according to claim
1, further including the step of cooling the article after said
chromium carbide growth heating step and before said
gamma prime precipitate heating step.

5. A method for improving the mechanical properties,
especially crack growth resistance of an article formed of a

nickel-based alloy having by weight at least 16% Cr, 0.07%
C, 1-5% W, 0.5-3% Ta, 1-4% Al, 1.7-5% Ti, 15-25% Co,
0-3% Cb, said alloy having a gamma prime solvus tem-
perature and an incipient melting temperature, comprising
the steps of:

heating said article to a temperaturé between that at which
the chromium and the carbon go into solution and the
incipient melting temperature;

cooling said article at a rate sufficiently slow to cause
discrete chromium carbides to develop along grain
boundaries of crystals in the alloy;

heating said article to a temperature between that at which
chromium atoms go into solution and that at which said
chromium carbides go into solution; and

reheating said article to a temperature between a gamma
prime solvus temperature and below that at which said
chromium carbides substantially go into solution, so
that thereafter, said chromium carbides remain along
the crystal grain boundaries.

6. The method of claim S, further including the step of
continuing to cool said article at a substantially uncontrolled
rate after said step of cooling at the slow rate and before said
step of heating the article.

7. The method of claim 5, further including the step of
controlled cooling said article after said step of heating and
before said step of reheating.

lium carbide nuclei go
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